We employ optical pump-THz probe measurements to study the formation of excitons and electron-hole plasmas following photogeneration of a hot electron-hole gas in the direct gap semiconductor zinc oxide. Below the Mott density, we directly observe the evolution of the hot electron-hole plasma into an insulating exciton gas in the 10 to 100 ps following photoexcitation. The temperature dependence of this process reveals that the rate determining step for exciton formation involves acoustic phonon emission. Above the Mott density, the density of the hot electron-hole plasma initially decreases very rapidly ͑ϳ1.5 ps͒ through Auger annihilation until a stable plasma is formed close to the Mott density. In contrast to exciton formation, Auger annihilation is found to be independent of lattice temperature, occurring while the plasma is still hot.
I. INTRODUCTION
In semiconductors with low dielectric function, the Coulomb attraction between photoexcited electrons and holes can bind them together to form excitons rather than being separate, independent entities, as in high dielectric materials. Excitons have many interesting properties: with integer spin, excitons are promising candidates for observing BoseEinstein condensation, 1 for instance. In direct gap semiconductors, the condensate of exciton polaritons has been observed. 2 Excitons in direct gap semiconductors are also highly emissive, and excitonic semiconductors are widely used in electro-optic devices. In particular, zinc oxide ͑ZnO͒ with its large exciton binding energy ͑60 meV͒ is ideally suited for the development of polariton lasers. 3 Due to the finite lifetime of excitons, however, recombination will always compete with condensation, making the knowledge of exciton formation and recombination rates essential. In addition, due to the low effective masses of electrons and holes in semiconductors, exciton binding energies are typically Ӷ1 eV, and in most semiconductors excitons only exist well below room temperature. This weak binding also leads to a Bohr radius in the nm range, and in the high density regime ͑above a critical density at which average exciton-exciton distance r Ϸ a Bohr , referred to as the Mott density-see Fig. 1͒ screening of the electron-hole interaction reduces the boson character of excitons. Hence, one might expect exciton formation and recombination rates to be both temperature and density dependent.
Following the above-gap photoexcitation of low-dielectric semiconductors, excitons are formed in a two-step process: first the thermalization and cooling of the hot electron-hole plasma gas takes place, allowing the formation of excitons with excess center of mass momentum ͑K 0͒. Second relaxation to the K = 0 state occurs. The majority of experimental work has employed time-resolved optical spectroscopies to probe the exciton formation dynamics ͑see, for example, Refs. 4-7͒. Unfortunately, optical absorption/emission is most sensitive to the K = 0 state of the exciton. 8, 9 Hence, with the exception of recent time-resolved interband luminescence 9 and optical pump-terahertz ͑THz͒ probe 10, 11 measurements on exciton systems, experiments at optical frequencies generally probe the combined rates of both exciton formation and momentum relaxation. As a result, it is difficult to distinguish between a process with fast formation and slow momentum relaxation, and a process with slow formation and fast momentum relaxation.
To study the formation dynamics it is therefore advantageous to use a technique sensitive to the disappearance of free charges and the appearance of the ͑bound͒ exciton state. Due to the distinct responses of free and bound charges, 11, 12 THz time domain spectroscopy is ideally suited to follow both free and bound charge carriers on a picosecond time scale. This technique uses low energy photons to probe the intraband absorptions of the populations after photoexcitation, and can identify the different bound and unbound states through their distinct spectral responses. 10 This technique has been successfully applied to measure room temperature conductivities in ZnO nanorods, 13 but has not yet been applied to study the mechanism of exciton formation in ZnO at low temperatures.
In this paper, ultrafast relaxation processes and exciton formation in ZnO are studied as a function of both tempera- ture and density using optical pump-THz probe measurements. When the initial density of the hot electron-hole plasma is below the Mott density, we observe a slow evolution into an insulating exciton gas, on 10 to 100 ps time scales following photoexcitation. The temperature dependence of this process reveals acoustic phonon emission as the rate determining step, suggesting that exciton formation occurs from cold charges, in contrast to previous suggestions that "hot" excitons are formed. 7 Above the Mott density, we observe a very rapid ͑ϳ1.5 ps͒ decay of the electron-hole plasma through Auger annihilation. In contrast to exciton formation, the annihilation occurs while the plasma is still hot, and is found to be independent of lattice temperature.
II. EXPERIMENTAL PROCEDURE AND ANALYSIS
We test two ZnO samples: a 12ϫ 8 ϫ 1 mm ͑1010͒-cut substrate from MaTeK ͑sample A͒, and a 5ϫ 5 ϫ 0.5 mm ͑0001͒-cut substrate from Wafer World ͑sample B͒, both made by hydrothermal growth to produce very low defect single crystals. Both are mounted in a closed cycle helium cryostat, enabling cooling down to 20 K. The ZnO samples ͑band gap 3.37 eV͒ are photoexcited with 150 fs laser pulses, either using 4.7 eV photons ͓wavelength = 266 nm, optical penetration depth l 0 =50 nm ͑Ref. 14͔͒ or using 3.1 eV photons ͓ = 400 nm, l 0 Ϸ 10 m ͑Ref. 14͔͒, allowing the study of dynamics in the high ͑r Ӷ a Bohr ͒ and low ͑r ӷ a Bohr ͒ density regimes, respectively ͑see Fig. 1͒ .
The decay dynamics of the initially excited hot plasma are investigated using optical pump-THz probe measurements. The THz pulses are generated by optical rectification and detected at 1 kHz by electro-optical sampling 15 using 1 mm thick, ͑110͒-cut zinc telluride crystals and 800 nm, 150 fs laser pulses ͑80 J and 5 J for generation and detection, respectively͒. The THz pulses are focused onto our sample using off axis parabolic mirrors ͑focal length 6 cm, numerical aperture of 0.18͒. The time dependent field strength of the THz pulses ͑duration ϳ1 ps͒ transmitted through the unexcited sample E͑t͒, as well as the modulation ⌬E͑t , ͒ at different times after photoexcitation, determines the low frequency ͑ = 0.1-2 THz, 0.4-8 meV͒ transient complex photoconductivity ͑ , ͒. Since the sample can be approximated as a thin slab of excited material of thickness l 0 embedded in homogeneous material with a static dielectric function Ϸ 8.6, the photoconductivity is directly related to the Fourier transforms of the time domain fields
where 0 is the permittivity of a vacuum and c is the speed of light. Since the charge distribution is inhomogeneous, ͑ , ͒ represents the average frequency response of all the charges in the excitation region.
III. RESULTS AND DISCUSSION
A. Exciton formation at low density Figure 2͑a͒ shows the time evolution of the photoconductivity at 0.6 THz for 400 nm excitation ͑fluence ϳ0.2 J / m 2 ͒ at 30 K, obtained by recording two dimensional data with 0.1 ps steps in both t and ͑by varying the time delay of detection and excitation pulses respectively͒, and Fourier transforming the variable t. At this low excitation density ͓N 0 ϳ 2 ϫ 10 22 m −3 ͑Ref. 17͔͒ the interexciton distance r Ͼ 30 nm, which is considerably larger than a Bohr ϳ 1.8 nm ͑Ref. 18͒. After excitation, there is a fast rise of the signal ͑ϳ4 ps, attributed to thermalization and initial cooling of carriers͒, followed by a slow decay over the next 10 to 100 ps. At these low temperatures and fluences, the conductivity decays in both samples A and B are very similar ͓see inset of Fig. 2͑a͔͒ . This implies that the dynamics we observe in Fig. 2͑a͒ are intrinsic to ZnO, and unrelated to defects. Effects of anisotropy due to the different crystal cuts of sample A and samples B are also too small to observe. In the following, results are presented for sample A, measured with the THz polarization perpendicular to the 001 axis of the crystal.
The conductivity at 15 ps after excitation ͓Fig. 2͑b͔͒ is indicative for the presence of free charges: the lines in Fig.  2͑b͒ represent the Drude model for free charge conductivity, ͑ , ͒ = 0 p 2 ͑͒ / ͑␥ − i2͒, with p the density dependent plasma frequency and scattering rate ␥ = 12 THz ͑a reasonable rate for a semiconducting metal oxide at low temperature 19,20 ͒. The response is dominated by electrons, rather than holes, owing to their lower mass.
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After ϳ50 ps the imaginary component of the conductivity switches sign from positive to negative. This sign change originates from the disappearance of free charges and the appearance of excitons, as the restoring force introduced by the Coulomb interaction between an electron and its corresponding hole results in a shift of the response resonance from zero in the Drude model to a finite frequency v n , and . This compares very favorably to the exciton density inferred from the excitation intensity, assuming that each absorbed photon results in the generation of an exciton, which amounts to N 0 ϳ 2 ϫ 10 22 m −3 . This indicates that most of the initially excited electron-hole pairs eventually form excitons, while charge trapping and radiative exciton decay occur on longer time scales. 22, 23 The exciton conductivity we observe at = 200 ps persists for Ͼ 1 ns, consistent with nanosecond exciton lifetimes measured on low defect ZnO. 24 Since the real conductivity of free charges is considerably larger than that of the excitons, the decay of the real conductivity in Fig. 1͑a͒ reflects the conversion of a conducting gas of free photocharges into an insulating exciton gas. This process is characterized by a single exponential decay time ͑gray line͒ with a half-life of 20 ps ͓Fig. 4͑a͔͒. Increasing the 400 nm excitation fluence does not drastically alter the observed dynamics, confirming that the dynamics are indeed first order i.e., at these low densities the average distance in between excited pairs ͑r Ͼ 30 nm͒ is large enough so that exciton formation by electron-hole recombination is largely geminate.
This slow evolution of a conducting gas into a gas of insulating excitons, occurring many picoseconds after photoexcitation, is similar to that observed in quantum wells using optical pump-THz probe measurements. 11 The observation that this process occurs on relatively long time scales in bulk ZnO is remarkable given the hypothesis that the emissive exciton is formed through a "hot exciton cascade." 7 In this picture, photon absorption followed by rapid emission of optical phonons by photocarriers leads to the formation of hot excitons, which subsequently cool to the emissive ͑K =0͒ state by slow acoustic phonon emission ͓Fig. 5͑a͔͒. Since emission of optical phonons by photocarriers in semiconductors typically occurs on subpicosecond time scales, 25 the slow disappearance of free charges observed here suggests that the rate determining step for exciton formation is acoustic phonon emission. This picture is corroborated by the temperature dependence of the exciton formation rate ͑again investigated through the decay of the real conductivity͒ shown in Fig.  4͑a͒ ͑N 0 ϳ 2 ϫ 10 22 m −3 and normalized to peak conductivity͒. By fitting the decaying real conductivities with exponentials, the rate of exciton formation ͓plotted in Fig. 4͑b͔͒ is found to increase weakly with increasing temperature ͑by a factor of ϳ2.5 from 20 to 140 K͒. The dotted line displays the temperature dependence expected for longitudinal optical phonon scattering ͓ϰexp͑−hv ph / kT͒ ͑Ref. 26͒ v ph = 17 THz͔ while the solid line represents that for acoustic phonon scattering ͓ϰT 3/2 ͑Ref. 27͔͒: it is clear that acoustic, and not optical, phonon scattering determines the conductivity decay ͑a͒ Exciton formation illustrated in terms of the "hot exciton cascade": after excitation, hot exciton cooling occurs by optical ͑large curved arrows͒ and, as the exciton falls to the bottom of the well, acoustic ͑small curved arrows͒ phonon emission. ͑b͒ THz measurements suggest that the motion of electrons and holes remains uncorrelated for much of the cooling process. In this case, a more realistic description involves cooling through the electronhole continuum, where the uncorrelated electron and holes have, on average, no net center of mass momentum ͑K͒.
i.e., most cooling occurs through the electron-hole continuum ͓see Fig. 5͑b͔͒ , and the final step before exciton formation involves acoustic phonons emitted by free carriers.
For higher temperatures, the long time equilibrium free charge density ͑the measured plateau after the initial plasma decay͒ increases due to thermal dissociation of excitons. The temperature dependence of the residual dissociated fraction ͑defined as the magnitude of the plateau conductivity normalized by that at the peak͒ is displayed in Fig. 4͑c͒ . The solid line shows the dissociation fraction expected for a simple two component equilibrium ͑bound and free states͒ with the forward step having an activation barrier ϳ60 meV ͑the exciton binding energy͒.
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B. Plasma formation at high density
Photoexcitation at 266 nm results in a significantly higher excitation density, resulting in an average interexciton distance r Ͻ 3 nmϷ 2a Bohr . 18 In this regime the photoconductivity is observed to be frequency independent over our probe spectrum, as expected for a high density electron-hole gas. 29 The temporal evolution of the conductivity at 0.6 THz for excitation fluence ϳ1.5 J / m 2 ͓N 0 ϳ 2 ϫ 10 25 m −3 ͑Ref. 17͔͒, is shown in Fig. 6͑a͒ . While the imaginary conductivity is essentially zero at all pump-probe times, the real conductivity rapidly decays with an initial half-life 1/2 ϳ 1.5 ps, i.e. 1-2 orders of magnitude faster than exciton formation.
Since the photomodulation of the THz pulse is essentially proportional to the product of density and penetration depth ͓see Eq. ͑1͔͒, we rule out plasma expansion as the cause of the decay in Fig. 6 . Instead, the fast decay is attributed to many body ͑Auger͒ annihilation of charges, known to be fast for other exciton systems, 30 and corroborated by the higher order ͑i.e. nonexponential͒ dynamics in Fig. 6 . Auger recombination 30 is mediated by enhanced charge-charge interactions at high density and involves collisions between ͑at least͒ three charges to redistribute the energy given out when an electron and a hole recombine. Auger recombination times are determined by the Auger constant C A ͑Ref. 30͒ through 1/2 =ln͑2͒ / ͑C A N 0 2 ͒. Though the dynamics here are complicated by several experimental issues, 31 for the real conductivity decay in Fig. 6͑a͒ we estimate from 1/2 that C A Ϸ 1 ϫ 10 −39 m 6 / s for ZnO. This is around four orders of magnitude larger than for indirect semiconductors such as Silicon ͓C A Ϸ 3 ϫ 10 −43 m 6 /s ͑Ref. 32͔͒, where Auger recombination is phonon assisted due to the mismatch in electron and hole momenta. In contrast, the broad emission under high density excitation 33 suggests that recombination in ZnO is radiative.
After the fast initial decrease, the decay of conductivity clearly slows for times Ͼ20 ps. Ignoring charge diffusion in between pump and probe pulses ͑which we estimate to be a minor effect 29 ͒, and comparing to the peak conductivity, we estimate that the plasma reaches a plateau density ϳ2 ϫ 10 24 m −3 . This more stable density is only weakly dependent on the initial excitation intensity ͓the decay for a fivefold increase in fluence is plotted in Fig. 6͑b͔͒ . For our estimate of C A Ϸ 1 ϫ 10 −39 m 6 / s, Auger recombination rates fall quickly with decreasing density, and become smaller than exciton radiative recombination rates 24 for a density Ͻ2-3 ϫ 10 24 m −3 . This corresponds to r Ϸ 7 nm, the same order of magnitude as the Bohr radius a Bohr ͑Ref. 18͒ i.e.; the plasma is stabilized when the distance in between electron-hole pairs is comparable to the exciton Bohr radius.
In contrast to the low density regime ͑i.e., r ӷ a Bohr , where bound insulating excitons are formed͒, it is notable from the residual real conductivity that, for r Ϸ a Bohr , the plasma remains in a conducting state. This conducting state persists on nanosecond time scales. A similar insulator-to-conductor transition on increasing the electron-hole density has also been observed with optical pump-THz probe measurements in quantum well structures. 34 In indirect semiconductors, since the process is phonon mediated, annihilation has a strong temperature dependence. 32 For ZnO, the high density plasma decay in Fig.  6͑b͒ is essentially independent of lattice temperature. Furthermore, the decay due to annihilation is faster than cooling of carriers in the low density regime ͓given by the rise of the FIG. 6 . ͑Color online͒ Conductivity dynamics for high excitation densities in sample A. At such high densities ͑r Ӷ a Bohr ͒, the system can no longer be described as a gas of excitons. ͑a͒ The open ͑real͒ and closed ͑imaginary͒ squares show the nonexponential dynamics for 266 nm photon excitation resulting in N 0 ϳ 2 ϫ 10 25 m −3 . ͑b͒ Decay of the real component for two different excitation densities: while both measurements show similar fast decays, the magnitude of the signal on long times does not vary strongly with excitation density. The dynamics are temperature independent: the gray line represents a measurement at 300 K, coinciding perfectly with the 20 K data. signal in Fig. 2͑a͔͒ , suggesting that annihilation takes place directly from the hot plasma, before cooling. Such ultrafastfast depopulation of the conduction band is destructive toward many electro-optical applications of ZnO in the high density regime, specifically to lasing in ZnO. 35 
IV. SUMMARY
In conclusion, we have measured the ultrafast photoconductivity of ZnO using optical pump-THz probe measurements. Below the Mott density, we observe slow evolution of free charges to excitons in the 10 to 100 ps following photoexcitation, indicating that cooling is almost complete before exciton formation occurs. Above the Mott density, the initial high density electron-hole plasma decays very rapidly ͑ϳ1.5 ps͒ through Auger annihilation. In contrast to exciton formation, annihilation is found to be independent of lattice temperature, occurring while the plasma is still hot.
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